a b s t r a c t AP2/ERF genes encode transcriptional regulators with a variety of functions in plant growth and development and in response to biotic and abiotic stresses. To date, there are no detailed classification and expression profiles for AP2/ERF genes in Salix. In this study, a comprehensive computational analysis identified 173 AP2/ERF superfamily genes in willow (Salix arbutifolia), by using in silico cloning methods with the use of the AP2/ERF conserved domain amino acid sequence of Arabidopsis thaliana as a probe. Based on the results of phylogenetic analyses and the number of AP2/ERF domains, the AP2/ERF genes were classified into four groups: AP2, RAV, ERF and Soloist. The expression profile was analyzed using transcriptome data from different tissues. A comparative analysis of AP2/ERF superfamily genes among Salix, Populus and Arabidopsis was performed. The Salix DREB, AP2 and RAV groups had a similar number to those in Arabidopsis, and the size of the ERF subfamily in Salix was about 1.4-fold that of Arabidopsis. The Salix DREB subfamily was smaller compared to Populus, while the other families were similar in size to those in Populus. These results will be useful for future functional analyses of the ERF family genes.
Introduction
The genus Salix, including willows, sallows and osiers, contains around 400 species in the Northern hemisphere, making this genus a valuable forest resource and an important ecological species [1] . The utilization of and research into the use of willow for biomass production in short-rotation-intensive culture systems is growing worldwide, which has created increased interest in the breeding of high-yield and resistant clones adapted to different environments.
Plant cellular and developmental processes are regulated and controlled by gene expression of multiple different sets of transcription factors (TFs) [2] . TFs also play pivotal functions in signal transduction during the activation or suppression of defense response genes, especially when plants face abiotic and biotic stresses such as drought and high salinity [3] . The AP2/ERF transcription factor superfamily contains the most TFs in plants and these all include at least one APETALA2 (AP2) domain. The AP2/ERF superfamily is divided into the AP2, ERF (including ERF and DREB subfamily), RAV and Soloist families according to the number of AP2 domains [4, 5] . The AP2 family has duplicated AP2/ERF domains, the ERF family has a single AP2/ERF domain, while the RAV family has one B3 domain and one AP2/ERF domain [5] [6] [7] . In Arabidopsis, a total of 145 AP2/ERF genes have been characterized, including 17 in the AP2 family, 6 in the RAV family, 65 in the ERF subfamily (of the ERF family), 56 in the DREB subfamily (of the ERF family) and 1 in the Soloist family [8] . In Populus, a total of 200 AP2/ERF genes have been characterized, including 26 in the AP2 family, 5 in the RAV family, 91 in the ERF subfamily, 77 in the DREB subfamily and 1 in the Soloist family [9] . With more extensive genome sequences, the identification and characterization of the AP2/ERF superfamily have been conducted in various plants, such as grape [10] , cucumber [11] , rice [12] , tomato [13] , peach, sorghum [14] , Chinese cabbage [15] and soybean [16] . However, no research has been performed for the identification and characterization the AP2/ERF superfamily in Salix.
Salix arbutifolia Pallas (originally Chosenia arbutifolia) is a riparian dioecious tree species distributed in Northeast Asia [17] . Putative genes encoding proteins of the AP2/ERF family in S. arbutifolia were found, resulting in the identification of 173 genes in this superfamily, including 23 in the AP2 family, 4 in the RAV family, 88 in the DREB subfamily and 57 in the ERF subfamily. Protein motif structure analysis was performed, as well as a phylogenetic analysis Abbreviations: TFs, transcription factors; Nr, non-redundant protein; COGs, Cluster of Orthologous Groups of the AP2/ERF genes. Moreover, using transcriptome data, we demonstrate the expression of AP2/ERF genes in different tissues. The resulting classification of groups and identification of putative functional motifs will be useful in studies on the biological functions of each gene in the Salix AP2/ERF families. The transcriptome reported here significantly enhances our knowledge of TFs and stress response genes in Salix.
Materials and methods

Gene isolation and analysis
AP2/ERF genes were isolated from the S. arbutifolia genome sequence (paper in press) using annotation and BLAST. First, sequences indicated as belonging to AP2/ERF were isolated from the annotation. Then, using Arabidopsis and Populus AP2/ERF genes with TBALSTN and BLASTP, a batch of related sequences were obtained. All of the sequences that had AP2/ERF domains were selected as candidates. To avoid the inclusion of redundant sequences, the characterized AP2/ERF genes were assembled again using the CAP3 Sequence Assembly Program [18] . The motif identification of Salix AP2/ERF protein sequences was performed using a motif-based sequence analysis tool, MEME Suite version 4.9.1 [19] . The optimum width of amino acid sequences was set from 6 to 25. The maximum number of motifs was set to 35.
Plant material, library construction and deep sequencing
Stems, leaves and Blossom buds from a natural population of S. arbutifolia were harvested in spring 2013 in Liaoning Province in China. To ensure that there were minimal differences in growth conditions, all materials were sampled within an area of 30 Â 30 m 2 . Samples were frozen in liquid nitrogen immediately for the extraction of total RNA. For each tissue type of sample, equal numbers of samples from five individual plants were pooled for total RNA extraction with TRIZOL reagent according to the manufacturer's instructions (Invitrogen). Transcriptome sequencing was performed using total RNA from the pooled samples. After eliminating traces of genomic DNA by treatment with DNase I, an automated capillary gel electrophoresis was used to assess RNA quality and quantity using a Bioanalyzer 2100 with RNA 6000 Nano Labchips (Agilent Technologies Ireland, Dublin, Ireland). Transcriptome sequencing libraries were prepared using an Illumina Small RNA Sample Prep Kit and an Illumina TruSeq RNA Sample Prep Kit. After the three libraries had been prepared, raw reads generated by using the Illumina Hiseq™ 2000 were initially processed to get clean reads. Then, all the clean reads were assembled using the de novo assembly program Trinity [20] .
Phylogenetic analysis
Phylogenetic and molecular evolutionary analyses were conducted using the software of MEGA version 6 [21] . Complete AP2/ERF predicted amino acids sequences was performed with a gap open penalty of 10 and gap extension penalty of 0.2 using ClustalW implemented in MEGA. Neighbor-joining method was used to construct phylogenetic tree by using, and the reliability of the obtained trees was tested using bootstrapping with 1000 replicates.
Expression pattern analysis of AP2/ERF genes
An in silico analysis was used to compare the relative transcript abundance of the AP2/ERF genes in stems, leaves and Blossom buds, based on transcriptome data. The gene expression level was normalized to the values of RPKM (Reads per kb per million reads) [22] . The random selected AP2/ERF genes were analyzed by real-time quantitative PCR. PCR were conducted using the SYBR Green Perfect (Takara) and StepOnePlus™ System (Applied Biosystems). All of the PCR products were sequenced and the dissociation curve was analyzed to verify the amplification specificity. The purified PCR products were used to make standard curve for establishing a quantitative correlation between the CT values and the transcript copy numbers. Each qRT-PCR reaction was repeated at least three times, and each standard curve contains at least 5 points. Populus actin gene was used for reference gene for transcriptome genes expression validation, respectively.
Results
Identification of AP2/ERF genes in S. arbutifolia
In total, one hundred and seventy-three AP2/ERF genes were identified from the S. arbutifolia genome sequence (paper in press). Twenty-two genes were predicted to encode proteins containing two AP2-domains based on the similarity of their amino acid sequences with the AP2 family of Populus trichocarpa and Arabidopsis thaliana proteins, and were therefore assigned to the AP2 family. One hundred forty-five genes were predicted to encode proteins containing a single AP2/ERF domain. These 145 genes could be further classified into two groups on the basis of similarity of the amino acid sequences. Fifty-seven genes were identified as possibly encoding members of the DREB subfamily, and eighty-eight genes were predicted to encode the ERF subfamily. Four genes were predicted to encode one AP2-domain and one B3-domain, and were assigned to the RAV family. The remaining gene, which was obtained by homology of the Soloist from Arabidopsis (At4g13040), included an AP2/ERF-like domain sequence, but its homology appears quite low in comparison with the other AP2/ERF factors. Therefore, this gene was assigned to the Soloist family ( Table 1) .
The complete genomes of P. trichocarpa and A. thaliana provide ideal systems for comparison of the AP2/ERF group among these plant species. The total number of genes in AP2/ERF in S. arbutifolia (173) was 1.19-times those genes in A. thaliana (145). The total number in AP2/ERF of P. trichocarpa (200) was 1.16-times those genes from S. arbutifolia. The proportion of genes found in the DREB, ERF, AP2 and RAV groups from S. arbutifolia were similar to the proportion in P. trichocarpa and A. thaliana (Fig. 1). 
Phylogenic reconstruction of AP2/ERF superfamily in S. arbutifolia
To study the phylogenetic relationships of the AP2/ERF superfamily in S. arbutifolia, a multiple alignment analysis was performed using the full amino acid sequences of the AP2/ERF superfamily between S. arbutifolia and A. thaliana. The resulting phylogenetic tree resolved fifteen clades (Fig. 2) , containing five group, named DREB, ERF, AP2, RAV and Soloist, which are congruent with previous studies [6, 11] . DREB genes were distributed into A1, A2, A3, A4, A5 and A6 subgroups, and ERF genes were also classified into six subgroups, namely, B1, B2, B3, B4, B5 and B6. Salix and Populus AP2/ERF genes share much amino acid sequence identity, and have similar properties in gene structure. A phylogenetic tree showed that most of the Salix AP2/ERF genes had counterparts in Populus, suggesting Salix and Populus AP2/ERF genes descended from the same ancestor. However, not every Salix AP2/ERF gene has a counterpart in Populus, suggesting that Salix and Populus have separately undergone different expansions (Fig. S2) .
Transcript expression levels of AP2/ERF genes in S. arbutifolia
Transcription levels of AP2/ERF genes were statistical analyzed from the transcriptome sequenced using RNA-seq and de novo The number of AP2/ERF family from P. trichocarpa and A. thaliana was according to Zhuang et al. [9] . Fig. 1 . The proportion of AP2/ERF genes in S. arbutifolia, P. trichocarpa and A. thaliana. Fig. 2 . The phylogenic tree of the entire AP2/ERF superfamily from A. thaliana and S. arbutifolia.
assembly. The RNA-seq libraries were prepared from the total RNA extracted from S. matsudana subjected to pair-end read (PE) sequencing using the Illumina platform. We removed reads with adaptors, reads with unknown nucleotides larger than 5%, and low quality reads to obtain clean PE reads. Gene annotation was performed using BLAST2GO to find sequence homologies using the databases of NCBI non-redundant protein (Nr), NCBI nucleotide sequence (Nt), Kyoto Encyclopedia of Genes and Genomes (KEGG), Swiss-Prot protein, Protein family, Gene Ontology (GO), and Cluster of Orthologous Groups (COGs). A quality control test for the data assembled from each cDNA library confirmed that they were suitable for statistical analysis for differentially expressed gene identification. S. arbutifolia is strongly affected by environmental cues and pathogens during development. Since AP2/ERF genes play a role in plant development and in response to biotic and abiotic stresses [23, 24] , they are ideal candidates to investigate the molecular regulation of these processes. Transcription levels of AP2/ERF genes were statistically analyzed from the stem, leaf and Blossom bud transcriptomes. AP2 genes had the most abundant transcript in leaves, and were also expressed at moderate levels in stems and buds. The four members of RAV had a different expression pattern; two of the genes were highly expressed in all tissues examined, while the other two had very low transcription levels (Fig. 3A) . Six DREB genes also exhibited a diverse expression pattern. DREB A1, DREB A5 and DREB A6 had very high expression levels, while DREB A2 and DREB A3 had a low amount of transcript copies (Fig. 3B) . Transcripts of ERF genes had the highest expression level compared to other AP2/ERF groups (Fig. 3C) . To validate the AP2/ERF genes expression levels, twenty genes were randomly selected for a real-time qPCR experiment. The results showed that the expression of AP2/ERF genes changed trends as compared with the transcriptome sequencing results (Fig. S1 ).
Analysis of conserved motifs in AP2/ERF
All AP2/ERF proteins were subjected to MEME motif analysis to identify conserved motifs among proteins in the families and subfamilies. Conserved motifs can provide evidence for further classification as it is likely that identical motifs exhibit similar functions [25] . The MEME motif analysis revealed that different AP2/ERF genes had different conserved motifs (Fig. 4) . Four conserved domains (domains 1-4) are a key characteristic of AP2/ERF. Most of the Salix AP2/ERF genes had the full AP2/ERF domain, with all 4 of the motifs, although some had only partial domains (Table 2) . Aside from the AP2/ERF domain, other domains can also play an important role in transcriptional regulation. In contrast to the conserved AP2/ERF domain, the other domains were only found in some subfamilies or distributed among some genes. For example, the AP2 family had a conserved domain motif 5, most of the DREB subfamily had motif 8, and all of the RAV family had motif 21. Some other motifs were distributed among various families and subfamilies.
Discussion
Increasing concern for climate change and energy security has resulted in a focus on the economic importance of Salix species due to their utility for bioenergy production. However, plants have to tolerate many abiotic and biotic stresses, which are serious threats to agriculture and forestry. These common environmental stresses include salinity, extreme temperatures, drought, chemical toxicity, oxidative stress, pests and pathogen infection. To exploit their potential for renewable energy, willows have to be kept free of pests and diseases and the yield should be improved without significantly increasing the requirement for fertilizers and water [26, 27] . To improve Salix tolerance to abiotic and biotic stresses, research has been focused on the physiological and molecular mechanisms of the response of Salix to these stresses. An important aim in identifying and isolating AP2/ERF gene family members is to understand the molecular genetic basis useful for the improvement of Salix and for providing the functional genetic resources required for transgenic research.
Transcription factors play a key role in modulating the acclimatization response of plants to various internal or external cues. They potentially control downstream gene expression in stress signal transduction pathways through activation and repression of genes after exposure to stress. Plant genomes contain a large number of transcription factors. It has been estimated that the Arabidopsis genome codes for at least 1533 transcription factors, consisting of over 5.9% of its total estimated genes [28, 29] . Based on the presence of conserved AP2-like domains, 173 proteins were identified as belonging to the AP2/ERF superfamily in the Salix genome in this analysis, compared to the previously reported 200 genes in Populus [9] , 145 genes in Arabidopsis [30] and 147 in rice [6] . Eighty-eight genes were predicted to encode for the ERF subfamily, 57 genes for the DREB subfamily, 23 for the AP2 family, four genes for the RAV family and one for the Soloist family.
The availability of the complete genome sequence of Populus and Arabidopsis enabled a comparison of individual families and groups using strict criteria [6] . Several DREB groups (B1, B2, B5 and B6), ERF groups (A3 and 14) and the AP2 family contained more members in Salix than in Arabidopsis, and many DREB groups (A1, A2 and A6), ERF groups (B3 and B4), and the AP2 family contained less members in Salix compared to Populus (Table 1 ). There were also several different family members among Salix and other species, such as Vitis vinifera [10] , Medicago truncatula [31] , Oryza sativa [32] and Triticum aestivum [33] . The number of AP2 and ERF genes were very similar between Salix and Populus (24 AP2 in Salix, 26 AP2 in Populus; 88 ERF in Salix and 91 ERF in Populus), and were greater than that of Arabidopsis (17 AP2 and 65 ERF). The similar number of AP2/ERF genes in the Populus genome is likely to be a consequence of recent whole-genome duplication in Fig. 4 . Distribution of conserved motifs in AP2/ERF protein sequences. The motifs (1-35) were identified using the MEME tool. Subfamily/family names are indicated on the right; each color represents a distinct motif and the length of each motif is indicated. the Populus lineage. The number of Salix DREB genes (57) is similar to the number of Arabidopsis DREB genes (56), and less than that of Populus (77), suggesting that the DREB subfamily experienced another gene duplication event after the whole-genome duplication in the Populus lineage. Genes belonging to the RAV family are highly conserved among the species examined in this study, with six in Arabidopsis, five in Populus and rice, and four in Salix.
Previous studies have demonstrated that the AP2/ERF family genes are differentially expressed in different tissues. The expression pattern of three tissues -stems, leaves and Blossom budswere examined using transcriptome data. For the 173 AP2/ERF genes, 19 had no transcript level in any tissue, and the other genes were more stem-specific (Fig. 3) . AP2 genes are important during the process of determination of fully developed organs from meristematic tissue. However, with the exception of four AP2 genes, the expression level of AP2 genes were not restricted to a single organ, with many genes being mainly expressed in the Blossom bud, suggesting other functions of AP2 genes.
Although many studies have reported the results of transcriptome analysis of Salix, there have been no studies on gene expression profiles in S. arbutifolia. In this study, RNA-seq technology was used to generate the transcriptome and to examine the global gene expression profile of stems, leaves and Blossom buds in S. arbutifolia. This work facilitates the analysis of gene expression levels even in the absence of a genomic database. Moreover, it demonstrates that RNA-seq is a useful and effective tool for de novo transcriptome assembly. We generated mRNA libraries from stem, leaf and Blossom bud tissue of Salix to substantially increase available data on Salix mRNAs in order to build genomic resources for further investigation of candidate genes, especially stress resistance genes, from various metabolic pathways in Salix.
